Cellular homeostasis is coordinated through communication between mitochondria and the nucleus, organelles that each possess their own genomes. Whereas the mitochondrial genome is regulated by factors encoded in the nucleus, the nuclear genome is currently not known to be actively controlled by factors encoded in the mitochondrial DNA. Here, we show that MOTS-c, a peptide encoded in the mitochondrial genome, translocates to the nucleus and regulates nuclear gene expression following metabolic stress in a 5 0 -adenosine monophosphate-activated protein kinase (AMPK)-dependent manner. In the nucleus, MOTS-c regulated a broad range of genes in response to glucose restriction, including those with antioxidant response elements (ARE), and interacted with ARE-regulating stress-responsive transcription factors, such as nuclear factor erythroid 2-related factor 2 (NFE2L2/ NRF2). Our findings indicate that the mitochondrial and nuclear genomes co-evolved to independently encode for factors to cross-regulate each other, suggesting that mitonuclear communication is genetically integrated.
INTRODUCTION
Mitochondria coordinate complex cellular functions, such as metabolism and stress response, by communicating to the rest of the cell through diverse pathways. Many of the known mitochondrial communication mechanisms include those that respond to cellular stress so as to maintain cellular homeostasis (Chandel, 2015; Quiró s et al., 2016) . Traditionally, the mediators of mitochondrial communication have been known to be nuclear-encoded proteins, secondary metabolites, transient molecules, and damaged mitochondrial components, but not factors encoded in the mtDNA (Lee et al., 2013) .
Mitochondria possess an independent circular genome that is considered a remnant of their symbiotic bacterial ancestry. Thus, the mitochondrial and the nuclear genomes have co-evolved to coordinate complex cellular functions, including metabolism and stress response (Chandel, 2015) . To function effectively, mitochondria host over 1,000 proteins that are encoded in the nuclear genome (Hodel et al., 2001) . In contrast, factors encoded in the mitochondrial genome that reside in the nucleus with defined functions are currently unknown. In fact, all 13 proteins encoded in the mitochondrial DNA (mtDNA) are structural components of the electron transport chain with critical roles in oxidative phosphorylation with no evident regulatory roles (Gustafsson et al., 2016) . Recently, regulatory peptides encoded as short open reading frames (sORFs) in the mitochondrial genome have been identified (Kim et al., 2017; Lee et al., 2013) . Such mitochondrial-derived peptides (MDPs) have diverse biological roles, including stress response and metabolic regulation, and add another layer to mitochondrial communication. However, it is unclear whether MDPs can directly and actively regulate nuclear gene expression in response to cellular stress.
MOTS-c is an MDP encoded as a sORF within the mitochondrial 12S rRNA that can regulate cellular metabolism in an AMPK-dependent manner (Lee et al., 2015) . MOTS-c treatment prevented diet-induced obesity and insulin resistance and also reversed age-dependent muscle insulin resistance in mice, suggesting a role as a regulator of metabolic homeostasis (Lee et al., 2015) .
Of the many organelles that mitochondria communicate with (Murley and Nunnari, 2016) , the nucleus is of special interest because it involves adaptive gene regulation. Recent studies have shown that UPR mt can epigenetically regulate the nuclear genome through nuclear-encoded proteins for longevity (Merkwirth et al., 2016; Tian et al., 2016) . Further, there are multiple nuclear-encoded mitochondrial-targeted proteins that can also reside in the nucleus as a means to transmit mitochondrial signals (Monaghan and Whitmarsh, 2015) . On the contrary, no factors inherently encoded in the mtDNA are currently known to actively migrate to the nucleus. Here, we show that MOTS-c is a mitochondrial-encoded peptide that can dynamically translocate to the nucleus in response to metabolic stress and regulate adaptive nuclear gene expression.
RESULTS

MOTS-c Is a Mitochondrial-Encoded Peptide that Can Reside in the Nucleus
Under resting conditions, endogenous MOTS-c exhibited a predominantly extra-nuclear localization pattern with a certain degree of mitochondrial association (Lee et al., 2015) (Figures 1A and S1A) . However, low levels of endogenous MOTS-c were detected in the nucleus under resting conditions by immunofluorescence microscopy (Figures 1B and S1B) . Also, we detected MOTS-c by immunoblotting increasing levels of nuclear extracts from resting cells; antibody specificity to MOTS-c was tested by competing out with synthetic MOTS-c peptide (Figures 1C and S1C) . We next examined the cellular localization of exogenously treated MOTS-c peptide conjugated with a FITC fluorophore (FITC-MOTS-c; 1 mM) relative to mitochondria and the nucleus. Within 30 min of treatment, FITC-MOTS-c showed mitochondrial and nuclear localization, with a notable punctate pattern throughout the nucleus ( Figures 1D and S1D ). This suggests that the biological effects of exogenously treated MOTS-c peptide (Lee et al., 2015; Ming et al., 2016) may be, in part, mediated by its actions within the nucleus. To obtain additional spatial information on intracellular MOTS-c, we expressed MOTS-c tagged with an enhanced green fluorescent protein (EGFP-MOTS-c), a widely used technique to determine subcellular protein localization that is complementary to immunofluorescence (Stadler et al., 2013) . Similar to nuclear localization signals, which are very short basic peptide motifs that direct large proteins to the nucleus, we found that EGFP-MOTS-c localized not only to mitochondria, but also to the nucleus, using subcellular fractionation and confocal microscopy ( Figures 1E and 1F ). MOTS-c does not possess a known nuclear localization sequence (NLS) but has a cluster of basic residues ( 13 RKLR 16 ), which is typical of a classical NLS (Hodel et al., 2001) . Removing the charged 13 RKLR 16 sequence by substituting with the non-charged alanine residues (i.e., 13 AAAA 16 ) did not block the nuclear localization of EGFP-MOTS-c ( Figures 1E and 1F) . MOTS-c also has a hydrophobic core ( 8 YIFY 11 ) that could facilitate interaction with other proteins (Keskin et al., 2008) . Substituting the hydrophobic core residues of MOTS-c to alanines ( 8 YIFY 11 to 8 AAAA 11 ) prevented EGFP-MOTS-c from entering the nucleus (Figures 1E and 1F) , suggesting that the nuclear translocation of MOTS-c may require interaction with other proteins. Further, the fact that EGFP-MOTS-c only enters in a sequence-specific manner, despite high ectopic expression, suggests that increased concentration alone does not trigger its nuclear translocation. In agreement with our previous report (Lee et al., 2015) , wild-type MOTS-c overexpression reduced oxygen consumption rate (OCR) by approximately 40% ( Figure S1E ). Notably, both nuclear loss-of-function mutants also reduced OCR ( Figure S1E ), suggesting that the effect of MOTS-c on cellular respiration may involve non-nuclear targets, such as mitochondria. Together, these data indicate that, unlike traditional views, the nuclear proteome includes a peptide that is encoded in the mitochondrial DNA (mtDNA).
Metabolic Stress Triggers MOTS-c to Dynamically
Translocate into the Nucleus Adaptive nuclear translocation of proteins and peptides can occur upon cellular stress (Jovaisaite and Auwerx, 2015; Monaghan and Whitmarsh, 2015) . Based on the role of MOTS-c as a metabolic regulator (Lee et al., 2015) , we tested if the nuclear trafficking of MOTS-c can be induced by metabolic stress, which would represent a novel nuclear stress-response mechanism that is actively and directly regulated by a mitochondrial-encoded peptide. HEK293 cells were challenged with three different types of metabolic stress: glucose restriction (GR; 0.5 g/L glucose), serum deprivation (SD; 1% fetal bovine serum [FBS] ), and oxidative stress (tert-butyl hydrogen peroxide [tBHP]; 100 mM). In response to each of these three stressors, MOTS-c rapidly translocated into the nucleus, as early as 30 min, as determined by subcellular fractionation (Figures 2A-2C ) and immunofluorescence imaging ( Figures 2D-2G ). Such nuclear translocation was transient and shifted back to a largely extra-nuclear state within 24 hr (Figures 2A-2C ), reflecting a rapid and progressive stress-response process. Further, paraquat (PQ), another pro-oxidant, also led to an increase in nuclear MOTS-c levels in a dose-dependent manner ( Figure S2A ). Mitonuclear communication can be mediated by several nuclear-encoded proteins that exhibit dual distribution in mitochondria and the nucleus with differential roles in cellular stress-response. The level of MOTS-c, which showed strong extra-nuclear and mitochondrial-associated localization under resting conditions (Figures 1 , 2A-2G, S1, and S2), rapidly declined in the mitochondrial fraction concomitantly with its accumulation in the nuclear compartment upon stress (Figures 2A-2C ), suggesting MOTSc as an adaptive interorganellar communication factor. Interestingly, cytosolic MOTS-c levels decreased in response to GR and SD (1 hr) in HEK293 cells ( Figure S2B ), which may reflect a transient state of peptide trafficking. Similar effects were observed in HepG2 cells (Figures S2C-S2I ). These stressors all increased intracellular reactive oxygen species (ROS) levels (Figures 2H and 2I) , and its inhibition by pre-treating with N-acetylcysteine (NAC; 10 mM) for 2 hr prevented MOTS-c from translocating to the nucleus upon tBHP (100 mM) treatment ( Figure 2J ). Further, considering that NAC treatment exhibited elevated MOTS-c levels in whole-cell and mitochondrial extracts, simply increasing total level of MOTS-c alone doesn't seem to drive the nuclear translocation of MOTS-c. These results collectively indicate that metabolic stress can induce the mitochondrial-encoded peptide MOTS-c to rapidly translocate to the nucleus.
Stress-Induced Nuclear Translocation of MOTS-c Is Dependent on AMPK
We next set out to identify stress-responsive pathways that intersect with MOTS-c. AMP-activated protein kinase (AMPK) is a key energy-sensing kinase and a master metabolic regulator that is activated by metabolic stress (Hardie et al., 2016) and also mediates the metabolic actions of MOTS-c (Lee et al., 2015; Ming et al., 2016) . To that end, we investigated if AMPK was also required for the stress-responsive nuclear translocation of MOTS-c. Pharmacological and genetic interventions that inhibit AMPK activity (compound C [C.C.] and siRNA against AMPKa, respectively) prevented GR-, SD-, and tBHP-induced nuclear translocation of MOTS-c, as determined by subcellular fractionation ( Figures 3A and 3B ) and immunofluorescence imaging ( Figures S3A-S3D ). Thereafter, we tested if AMPK activation, using metformin and 5-aminomidazole-4-carboxamide ribonucleotide (AICAR), would mimic a stress-like cellular response and cause MOTS-c to translocate to the nucleus. MOTS-c rapidly entered the nucleus within 1 hr of metformin and AICAR treatment in HEK293 cells ( Figures 3C-3E ). Metformin is thought to inhibit mitochondrial complex I (Willyard, 2017) and increase AMP/ATP ratio (Stephenne et al., 2011) , whereas AICAR acts as an AMP mimetic that does not perturb cellular ATP, ADP, or AMP levels (Corton et al., 1995) . We confirmed, using C.C. or siRNA against AMPKa, that the effect of metformin and AICAR on MOTS-c translocation was mediated by AMPK ( Figures 3D and 3E ). Notably, both metformin and AICAR did not cause significant ROS production ( Figure S3E ), indicating that AMPK may regulate the nuclear transport of MOTS-c downstream of ROS (Hardie et al., 2012) . These data indicate that MOTS-c translocates to the nucleus in an AMPKdependent manner.
MOTS-c Binds to Nuclear DNA and Interacts with ARERegulating Transcription Factors to Regulate Gene Expression and Increase Cellular Resistance to Metabolic Stress
Within the nucleus of resting cells, MOTS-c could be detected in chromatin extracts under resting conditions ( Figure 4A ), suggesting that MOTS-c can bind to nuclear DNA. In fact, chromatin-associated MOTS-c levels increased significantly after GR and SD (1 hr) ( Figure 4B ). Multiple factors translocate to the nucleus upon cellular stress to regulate adaptive gene expression to maintain cellular homeostasis (de Nadal et al., 2011) . Nuclear factor erythroid 2-related factor 2 (NFE2L2/ NRF2) is a stress-responsive transcription factor that responds to ROS under oxidative stress (Ma, 2013) , which was involved in the nuclear translocation of MOTS-c (i.e., GR, SD, and tBHP) ( Figures 2H-2J ). Notably, NRF2 intersects with AMPK (Joo et al., 2016) and can regulate MOTS-c-related metabolic pathways (Hayes and Dinkova-Kostova, 2014). To start elucidating the role of MOTS-c within the nucleus, we tested whether it interacted with NRF2. Because nuclear MOTS-c levels were abundant 3 hr after stress and returned to baseline after 24 hr ( Figures  2A-2G ), we studied the MOTS-c/NRF2 interaction at 0, 3, and 24 hr after stress. First, NRF2 co-immunoprecipitated with MOTS-c only from nuclear extracts of cells treated with GR and tBHP for 3 hr; interaction was low under resting states (i.e., 0 and 24 hr) ( Figure 4C ). Further, we confirmed the interaction between MOTS-c and NRF2 by co-immunoprecipitating EGFP-MOTS-c and Myc-NRF2 ( Figure 4D ). Interestingly, EGFP-MOTS-c RKLR ( 13 RKLR 16 / 13 AAAA 16 mutant that can translocate to the nucleus) was still capable of interacting with Myc-NRF2 ( Figure S4A ). MOTS-c was able to translocate to , serum deprivation (SD; 1% fetal bovine serum), and tert-butyl hydrogen peroxide (tBHP; 100 mM) by (A-C) subcellular fraction immunoblots and (D-G) immunofluorescence microscopy. Subcellular fractions were purified at 0, 0.5, 1, 3, 6, and 24 hr post-stress, and confocal microscopy images were acquired 3 hr post-stress. Representative images shown (n = 3). Cells were co-stained with DAPI (nucleus) and MitoTracker Red (mitochondria). Scale bar, 10 mm.
(legend continued on next page) the nucleus under NRF2 knockdown, induced by siRNA (Figure S4B ). Conversely, NRF2 was able to translocate to the nucleus under MOTS-c depletion, achieved by actinonin (Lee et al., 2015) ( Figure S4C ). This indicates that their interaction likely takes place once in the nucleus and that their translocation to the nucleus occurs independently of each other. Second, using electrophoretic mobility shift assays (EMSA), we found that MOTS-c directly bound DNA sequences of ARE-containing promoter regions of NRF2 target genes, including HO-1, NQO1, UGT1A1, UGT1A6, TXN, FTL, and GPX2, in a concentrationdependent manner (Figures 4E and S4D-S4F; Table S1 ). The binding of MOTS-c to such DNA fragments was lost upon substituting the core hydrophobic or basic residues, which are critical for protein-DNA interactions (Rohs et al., 2010) , to alanines (i.e., 8 YIFY 11 / 8 AAAA 11 and 13 RKLR 16 / 13 AAAA 16 , respectively; Figures 4E and S4) . Therefore, the interaction with NRF2 and binding to DNA may occur independently of each other. Third, NRF2 generally binds to the antioxidant response element (ARE) sequences (5 0 -TGACNNNGC-3 0 ) in the promoter of its target genes, such as HO-1 and NQO1, in coordination with other DNA-binding proteins (e.g., small basic leucine zipper transcriptional co-factor Maf proteins) (Hirotsu et al., 2012) . Therefore, to test if MOTS-c could also bind to ARE sites in response to stress, we performed chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR). The binding of MOTS-c to promoter regions of HO-1 and NQO1 containing ARE sites significantly increased 3 hr after being challenged with GR and tBHP ( Figure 4F ), then returned to baseline after 24 hr. Further, the binding of NRF2 to the promoter region of HO-1 was significantly increased upon MOTS-c overexpression, determined by ChIP-qPCR ( Figure 4G ), indicating that regulating the DNA binding of transcriptional factors may be a (H) Flow cytometry based on DHE to assess time-dependent reactive oxygen species (ROS) production in response to GR (0.5 g/L), SD (1% fetal bovine serum), and tBHP (100 mM) in HEK293 cells (n = 4). (I) Fluorescence-activated cell sorting based on MitoSOX staining to assess mitochondrial ROS production following control (DMSO; 0.05%), rotenone (Rot; 10 mM), GR (0.5 g/L), SD (1% fetal bovine serum), and tBHP (100 mM) in HEK293 cells (n = 4). (J) Subcellular fraction immunoblots following tBHP (100 mM) treatment with and without pre-treatment with NAC (10 mM) for 2 hr. Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Student's t test. See also Figure S2 . possible role of nuclear MOTS-c. Fourth, using a luciferase reporter coupled with four copies of NRF2-responsive ARE sequences, we confirmed that the overexpression of MOTS-c significantly increased ARE-dependent transcription in an NRF2-dependent manner ( Figures 4H and S4G) . Fifth, the overexpression of MOTS-c, but not the 8 YIFY 11 / 8 AAAA 11 and 13 RKLR 16 / 13 AAAA 16 mutants, significantly increased the transcriptional activity of HO-1 and NQO1 ( Figure 4I ). However, sulforaphane was able to trigger NRF2-dependent expression of HO-1 in the absence of MOTS-c, achieved using actinonin (Figure S4H ). This could be explained by the existence of other functionally redundant NRF2 co-factors (Hirotsu et al., 2012) . In fact, actinonin treatment, in addition to depleting MOTS-c levels, causes metabolic stress (Biswas and Chan, 2010), which caused Error bars represent mean ± SEM. **p < 0.01, ***p < 0.001 by Student's t test. See also Figure S4 and Tables S1 and S2. NRF2 to translocate into the nucleus ( Figure S4C ) as well as increased HO-1 expression ( Figure S4H ). Because NRF2 shares 73% homology with NFE2L1/NRF1 (OrthoDB entry EOG0906037N [Willyard, 2017] ), and considering that they are both involved in ARE-dependent stress-response (Biswas and Chan, 2010) , we tested if MOTS-c also interacted with NRF1. Unlike NRF2, the interaction between MOTS-c and NRF1 was relatively unaltered after GR (3 hr) in nuclear extracts but was decreased in chromatin extracts ( Figure S4I ). This may be explained, in part, by the competitive nature of NRF1 and NRF2 (Stephenne et al., 2011) . We previously reported that exogenous MOTS-c peptide treatment causes a broad range of gene expression changes in HEK293 under basal conditions using a DNA microarray (Lee et al., 2015) . Here, we performed MOTS-c-dependent gene expression profiling under GR by RNA-seq on HEK293 cells that were transfected with a MOTS-c overexpression vector (or empty vector) and subjected to GR for 3 hr. We identified 802 genes that were significantly regulated upon MOTS-c overexpression during GR (412 downregulated and 390 upregulated genes; FDR < 5%) ( Figure 4L ). Using NRF2 public ChIP-seq datasets in several human cell lines to identify robust NRF2 target genes, we found that a portion of genes upregulated by MOTS-c overlapped with bona fide NRF2 target genes ( Figure 4M ). In addition, we also found significant enrichment of transcription factor binding motifs in promoters of genes regulated by MOTS-c ( Figures 4N) . In particular, some of the enriched motifs belonged to activating transcription factor 1 and 7 (ATF1, ATF7) and JUND, which are related to NRF2 and are known to cross-regulate AREs (Chepelev et al., 2013; Stephenne et al., 2011; Willyard, 2017) . Further, using ATF1 and JUND public ChIP-seq datasets in several human cell lines, we found that their bona fide targets (without directionality) partially overlap with MOTS-c-regulated genes ( Figure S4J-S4N) . Interestingly, the overlap between NRF2, ATF1, and JUND targets, although they can all regulate AREs, was also limited, indicating a complex mechanism of target gene selection ( Figure S4O) . Notably, another member of the ATF family, ATF5, and its C. elegans homolog ATFS-1, can translocate between mitochondria and the nucleus to mediate mitonuclear communication in response to mitochondrial unfolded protein response (UPR mt ) (Fiorese et al., 2016 ).
Thus, we tested if the enrichment of ATF1 motifs in MOTS-cregulated genes under GR was paralleled by increased interaction between MOTS-c and ATF1. We found that MOTS-c co-immunoprecipitated with ATF1 in the nucleus and that their interaction was strengthened after GR (3 hr) ( Figure 4O ). In contrast to upregulated genes, the overwhelming majority of motifs enriched in promoters of genes downregulated by MOTS-c upon GR were associated to transcription factors involved in immunity, which is in accord with our previously published microarray data ( Figure 4N ) (Lee et al., 2015) . On a functional level, nuclear MOTS-c increased cellular resistance against metabolic stress. HEK293 cells that stably overexpressed wild-type MOTS-c exhibited significant protection against glucose/serum restriction compared to cells transfected with empty vector control ( Figures 4J, 4K , and S4P-S4R). Moreover, cells overexpressing the nuclear loss-of-function MOTS-c mutants (i.e., 8 Figures 4J and 4K) . Based on the data presented here, the loss of function of the RKLR mutant may result from a deficient DNA-interaction ( Figures 4E and S4F ) rather than from an inability to interact with NRF2 ( Figure S4A ). These data indicate that MOTS-c promotes resistance to metabolic stress by regulating the nuclear genome.
DISCUSSION
It is likely that the endosymbiotic proto-mitochondrial bacteria used peptides encoded in their genome to communicate with our ancestral cells, which is a communication system that is still used by bacteria (Waters and Bassler, 2005) . It is plausible that the two genomes co-evolved to cross-regulate each other to coordinate cellular functions. Mitochondria-to-nucleus (retrograde) communication mechanisms that respond to cellular stress, including UPR mt (Jovaisaite and Auwerx, 2015) and damageassociated molecular patterns (DAMPs) (Galluzzi et al., 2012) , have been well described, yet are known to be mediated by nuclear-encoded proteins/peptides. To date, factors encoded in the mitochondrial genome that directly regulate the nuclear genome are unknown. We have identified a peptide encoded in the mitochondrial genome that (1) actively translocates into the nucleus in coordination with nuclear-encoded AMPK in response to metabolic stress and (2) directly regulates ARE-containing target genes in the nuclear genome, in part, by interacting with NRF2 ( Figure 4P ). In line with the increasing interest in mitonuclear communication in aging, the role of MOTS-c as a mitochondrial-encoded regulator of the nuclear genome may have implications in organismal aging. MOTS-c treatment reversed age-dependent skeletal muscle insulin resistance in mice (Lee et al., 2015) , and a MOTS-c polymorphism has been associated with human longevity (Fuku et al., 2015) . Thus, considering that glucose depletion, AMPK activation, and increased ROS formation have all been linked to C. elegans longevity (Schulz et al., 2007) , MOTS-c may hold key implications for aging and age-related diseases by promoting cellular homeostasis in response to metabolic stress (Bratic and Larsson, 2013; Fuku et al., 2015; Quiró s et al., 2016) and maintaining mitonuclear genomic compatibility (Hamilton, 2015; Latorre-Pellicer et al., 2016) .
Limitations to Study
Our data are consistent with MOTS-c-dependent mitochondriato-nucleus communication. However, as discussed above, MOTS-c may also interact with other organelles, suggesting that it may be involved in a more complex interorganellar connectome. Indeed, our RNA-seq data ( Figures 4L-4N and S4J-S4O) and microarray data (Lee et al., 2015) indicate that MOTS-c regulates a range of genes involved in various biological processes, including ARE-regulated targets. In addition, that nuclear-defective MOTS-c mutants also reduced OCR suggests that the multifaceted roles of MOTS-c should be studied with defined organellar context. Also, the use of primary human cells and tissues would provide invaluable physiological context and scope of MOTS-c actions. Further work on the mechanistic details of nuclear genome regulation by MOTS-c are required and ongoing in our laboratories.
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Subcellular Fractionation
For nuclei isolation, a non-ionic detergent-based purification method was carried out as previously described with some modifications (Gagnon et al., 2014) . Briefly, cells were harvested, washed in ice-cold PBS, and resuspended in hypotonic lysis buffer (10 mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl 2 , 0.3% NP-40, and 10% glycerol) in the presence of a protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific). The suspension was incubated for 30 min on ice, passed five times through a 28-gauge blunt-ended needle and centrifuged at 400 g for 5 min at 4 C. The nuclear pellet was washed three times with hypotonic lysis buffer and collected as a total nuclear fraction.
For chromatin isolation, Wuarin-Schibler buffer (MWS) (10 mM Tris pH 7.0, 4 mM EDTA, 300 mM NaCl, 1 M urea, and 1% NP-40) was used as previously described with minor modifications (Gagnon et al., 2014) . Briefly, the washed nuclear pellet was resuspended with MWS containing a protease/phosphatase inhibitor cocktail, incubated for 30 min on ice, and vortexed every 5 min. The suspension was centrifuged at 1,000 g for 5 min at 4 C and the resulting pellets containing chromatin were washed three times with MWS buffer and saved the pellets as chromatin fraction. Genomic DNA was removed by treatment with DNase.
For isolation of mitochondria-enriched cellular fractions, a crude mitochondrial fraction was first obtained as described previously with minor modifications (Frezza et al., 2007) . In brief, cells were washed with ice-cold PBS and suspended in chilled mitochondria isolation buffer (IBc) (10 mM Tris-MOPS, pH 7.4, 10 mM EGTA-Tris, 200 mM sucrose, and 5 mM MgCl 2 ) with a protease/phosphatase inhibitor cocktail. The cells were homogenized in IBc buffer using a Teflon pestle (about 50 strokes) and centrifuged at 500 g for 10 min at 4 C to remove unbroken cells. The supernatant was further centrifuged at 2,000 g for 10 min at 4 C to remove cell debris and nucleus. Then the supernatant was collected and centrifuged at 7,500 g for 10 min at 4 C. The pellets containing mitochondria were washed twice with IBc buffer and saved the pellets as mitochondria-enriched fraction. Mitochondria-free cytosolic fraction was collected from the supernatant and further centrifuged at 12,000 g for 10 min at 4 C. The supernatant was saved as cytosolic fraction. Protein levels were determined using a Pierce BCA protein assay (Thermo Fisher Scientific), and each fraction was loaded for western blotting to confirm purity.
Western Blotting
Cellular lysates were extracted with modified RIPA (50 mM Tris, pH 8.0, 75 mM NaCl, 0.3% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing a protease/phosphatase inhibitor cocktail, sonicated, and centrifuged at 12,000 g for 10 min at 4 C to remove debris. The supernatants were subjected to electrophoresis using 8%-16% pre-cast SDS-PAGE gels (Bio-Rad). The resolved gels from precast SDS-PAGE were transferred to PVDF membranes, blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.05% Tween-20 (TBS-T) and incubated with primary antibody at 4 C overnight. The membranes were washed three times with TBS-T and incubated with HRP-conjugated secondary antibodies at room temperature for 1 hr. The membrane was washed again three times, developed using Clarity Western ECL substrates (Bio-Rad) and imaged using the ChemiDoc XRS+ system (Bio-Rad).
substrate (Promega Corporation). The luciferase activity was normalized against the activity of the control Renilla luciferase reporter and recorded as the mean of three independent biological replicates.
Survival Assay HEK293 cells were stably transfected with pEV, pMOTS-c WT , pMOTS-c YIFY , and pMOTS-c RKLR and incubated in glucose-free DMEM supplemented with low glucose (0.5 g/L) and 1% FBS (glucose and serum restriction: GR+SD) for 96 hr. Thereafter, cells were allowed to recover for 7 days in complete media (DMEM (4.5 g/L) and 10% FBS). Survival was assessed by trypan blue exclusion using the Contessa Automated Cell Counter (Thermo Fisher Scientific), crystal violet staining, and flow cytometry using the Muse Cell Viability Kit (Millipore).
Immunofluorescence Imaging
To improve the adherence of HEK293 cells, glass slides pretreated with 1 mg/mL collagen (Corning) for 2 hr at room temperature were used. The cells were washed three times with PBS and treated or transiently transfected with expression vectors as described above. Live cells were labeled for 15 min with MitoTracker Deep Red FM (Thermo Fisher Scientific) at a final concentration of 250 nM in cell culture medium to stain mitochondria. Then, the cells were fixed with 4% paraformaldehyde for 10 min at room temperature, washed with PBS, permeabilized for 10 min at room temperature with 0.2% Triton X-100 in PBS. Samples were blocked with 3% BSA in PBS with 0.1% Tween 20 (PBS-T), following incubation with primary antibody at 4 C overnight, and then incubated with secondary antibody for 1 hr. Samples were washed three times with PBS-T and incubated with DAPI (Sigma) for 20 min at room temperature to visualize nuclei. After three washes in PBS-T, the coverslips were mounted in PVA (polyvinyl alcohol) mounting medium as described previously (Khoo et al., 2015) . The cellular images were obtained using a Zeiss LSM700 confocal microscope system and software (magnification x63).
Immunoprecipitation
The isolated nuclei were lysed in modified RIPA buffer in the presence of a protease/phosphatase inhibitor cocktail as described above. 150 mg of nuclear extracts were precleared with 1 mg of IgG antibody bound to protein G Dynabeads (Thermo Fisher Scientific) for 1 hr at 4 C according to the manufacturer's protocol. The beads were coated with 6 mg of specific antibodies or 2 mg of normal IgG at 4 C overnight. The precleared nuclear extract was incubated with antibody-conjugated Dynabeads and rotated at 4 C overnight. The immunoprecipitation complex was washed three times with PBS containing 0.05% Tween-20, eluted with glycine buffer (0.1 M, pH 2.8). The eluted samples were suspended with SDS sample buffer and subjected to western blotting.
Real-time PCR
Total RNA was purified using the Direct-zol RNA MiniPrep kit (Zymo Research) as per manufacturer's protocol. cDNA was synthesized by reverse transcription of 1 mg of total RNA using iScript cDNA synthesis Kit (Bio-Rad) following manufacturer's instructions. Quantitative real-time PCR was performed in 20 mL of reaction mixture containing 1 mL of cDNA, 200 nM of each primer, and 10 mL of SYBR Select Master Mix (Thermo Fisher Scientific) using QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific). Products were amplified with the primers listed in Table S1 and ribosomal protein L27 (RPL27) was used as a reference control for each reaction. The cycle to threshold (Ct) value was determined for each primer pair using QuantStudio 6 Flex Real-Time PCR software (Thermo Fisher Scientific) following recommended guidelines. Three biological replicates reactions were carried for each time point and primer pair.
Oxygen Consumption Measurement
Real-time oxygen consumption rates (OCR) in HEK293 cells that were stably transfected with empty vector (EV) or MOTS-c vectors (WT, YIFY mutant, RKLR mutant) were measured using the XF96 Analyzer (Seahorse Bioscience) at the USC Leonard Davis School of Gerontology Seahorse Core. All readings were normalized to relative protein concentration.
ROS Measurement
Total cellular ROS was measured using the Muse Oxidative Stress Kit (EMD Millipore) according to the manufacturer's protocol. Briefly, HEK293 cells were seeded onto 6-well at 0.5 3 10 6 cells/well. After 24 hr, the cells were treated with GR, SD, tBHP as described above or 5 mM metformin, 2 mM AICAR. Then, live cells that are negative for ROS and positive for ROS were distinguished and counted using the Muse Cell Analyzer (EMD Millipore) per manufacturer's instructions.
Electrophoretic Mobility Shift Assay (EMSA)
For detection of DNA-binding affinity of MOTS-c, wild-type or quadruple alanine mutant MOTS-c ( 8 YIFY 11 / 8 AAAA 11 and 13 RKLR 16 / 13 AAAA 16 ) peptide was synthesized (> 95% purity; New England Peptide). The oligonucleotide probes containing ARE sites were biotinylated and synthesized (Integrated DNA Technologies) as listed in Table S1 . The biotinylated oligonucleotides were annealed with their respective complementary strands in annealing buffer (10 mM Tris, pH. 7.5, 1 mM EDTA, 50 mM NaCl) for 2 min at 90 C and allowed to cool slowly to room temperature. MOTS-c peptides were incubated for 30 min on ice in PBS with biotinylated DNA probes and the binding affinity was assessed by LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific) according to the manufacturer's instructions.
